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32 The upland rice (UR) crop system located in the Brazilian savannas (states of Mato 
33 Grosso, Rondônia, Tocantins and Goiás) is the main upland rice growing area of Brazil 
34 and the largest rainfed rice growing area in Latin America. It plays an important social 
35 and economic role in central Brazil. UR cropped area, however, has decreased by 70 % 
36 in the last two decades, partly due to high drought risk. Here, we hypothesize that the UR 
37 breeding program’s focusing on direct grain selection for wide adaptation rather than the 
38 undivided growing area has led to an increase in yield potential but a reduction in the 
39 capacity of modern cultivars to maintain yields under drought stress. Using the 
40 ORYZAv3 rice crop model, we analyzed changes in relative and absolute drought impact 
41 for cultivars representative of three decades of breeding: 1980s (1986–1992), 1990s 
42 (1993–2002), and 2000s (2003–2013). We found a mean increase in relative drought 
43 impact of 12 % (0.35 % per year) between 1980s and 2000s, most of the increase occurred 
44 during 1980s and 1990s (7%), where a major shift from landraces (i.e. Douradão) to 
45 modern cultivars (i.e. cv. BRS Primavera) occurred in the breeding program. Drought 
46 adaptation traits such as greater root length density, shorter cycle, less stomatal sensitivity 
47 to drought have been systematically bred out of the UR material in the period 1980–2013. 
48 We recommend the UR breeding program should be adjusted by better targeting to 
49 specific drought environments, and by taking into account drought stress profiles and 
50 environmental co-variables in statistical analyses for genotype selection. Moreover, 
51 physiological studies on tradeoffs between yield potential and drought tolerance should 
52 be performed for each target environment to dissect plant traits that confer both high yield 
53 potential and low drought sensitivity. These strategies will ultimately ensure that newly 
54 released cultivars are adapted to the environmental conditions of the study region, 
55 therefore reducing agro-climatic risk for UR farmers.
3
56 Introduction
57 Rice production in Brazil is divided in two systems: lowland rice (LR) and upland rice 
58 (UR). Although 88.2% of total Brazilian rice production comes from LR cultivation in 
59 southern Brazil (Embrapa Arroz e Feijão, 2017), UR plays an important social and 
60 economic role in central Brazil. The UR crop system is located in the Brazilian savannas 
61 (states of Mato Grosso, Rondônia, Tocantins and Goiás) –the main upland rice growing 
62 area of Brazil and the largest rainfed rice growing area in Latin America. UR cultivation 
63 in central Brazil is critical to the food security of a large proportion of the farming and 
64 non-farming population (Martínez et al., 2014; Oliveira Neto, 2015). Moreover, the 
65 strong dependence on rice supply from the south is a concern due to the El Niño Southern 
66 Oscillation (Cunha et al., 2001; Cirino et al., 2015), and logistical challenges to supply 
67 rice to the tropical regions (central-west, north and northeast of Brazil). Additionally, UR 
68 is a crop rotation option to the more common soybean-maize system in the savannah 
69 region (Heinemann et al., 2017). 
70 In spite of the importance of the UR crop system, its cropped area has reduced by 70 % 
71 in the last two decades (see Table S1). During this period, UR has been replaced by lower 
72 risk, higher revenue crops (i.e. soybean, maize, cotton) due to low grain yields, quality 
73 and high agro-climatic risk (Heinemann et al., 2017; Martínez et al., 2014; Pinheiro et al., 
74 2006). The high levels of agro-climatic risk may be related to the UR breeding program 
75 strategy, which since the 1980s adopted direct grain yield selection and wide adaptation 
76 primarily in the most favorable (i.e. stress-free) areas (Embrapa, 1981; Heinemann et al., 
77 2015), and only recently incorporated a drought tolerance breeding program (Ramirez-
78 Villegas et al., 2018). Targeted selection toward the most favorable environments (i.e. 
79 unstressed conditions) has been shown to be inefficient when the climatic conditions 
80 differ significantly from optimal (Chapman et al., 2003; Chenu et al., 2009; Tardieu and 
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81 Hammer, 2012). Moreover, the complexity of Genotype-by-Environment interactions in 
82 an area such as the Brazilian savannah can hinder plant breeding progress for: (i) wide 
83 adaptation across the target area; and (ii) adaptation to specific types of environments 
84 within the target area (Chenu et al., 2011; Dreccer et al., 2007; Löffler et al., 2005).
85 Here, we hypothesize that the focus on direct grain selection for wide adaptation to the 
86 undivided target area has led a systematic reduction in the capacity of MCs to maintain 
87 yields under drought stress. To this aim, we parametrized and evaluated the ORYZAv3 
88 rice crop model for three cultivars that represent the three phases of the UR breeding 
89 program in the period 1986–2013 described by Breseghello et al. (2011): 1980s (1986–
90 1992), 1990s (1993–2002), and 2000s (2003–2013) and we also analyzed historical 
91 observed yield (farmer yields) for the same period. Cultivars included in the analysis are 
92 Douradão, a landrace representative of varieties grown in 1980s; and two MCs: BRS 
93 Primavera, a cultivar released in 1990s which reached up to 45 % growing area by the 
94 end of 1990s (Ferreira et al., 2017; Heinemann et al., 2015) and BRSMG Curinga, a 
95 cultivar released in 2000s representative of genotypes in the period 2003–2013. We 
96 conducted simulations using ORYZAv3 for the period 1980–2013 using observed 
97 weather station data for four states in the Brazilian savannah (Goiás, Rondônia, Mato 
98 Grosso and Tocantins), and estimate the yield sensitivity to drought by comparing water-
99 limited, well-watered and historical observed yield (farmer yields). Finally, we discuss 
100 our findings in light of the current UR breeding program strategy and suggest potential 
101 avenues for the program to produce cultivars that are adapted to specific drought 
102 environments within the UR region.
103
104 2. Materials and methods
105 2.1 Study region
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106 The study region is located in central Brazil between 7 to 20 °S and 65 to 45 °W (Fig. 1). 
107 The region encompasses 90% of the upland rice production in Brazil (837,687 ton in 2017, 
108 IBGE –http://www.sidra.ibge.gov.br/bda/), and represents a tropical savannah climate 
109 with a mono-modal rainfall pattern. Total precipitation ranges from 1,000 to 1,500 mm 
110 per year.
111
112 2.2 Selected germplasm
113 Our analyses intend to investigate whether the selection practices in the UR breeding 
114 program have led to greater drought sensitivity through time, and specifically across three 
115 phases of breeding: 1980s, 1990s, and 2000s. Therefore, we selected three cultivars 
116 grown in Brazil in the period 1986–2013, according to the following criteria:
117 i) importance in one of the phases (1980s, 1990s and 2000s) of the UR breeding 
118 program during the period of 1983–2013 (Breseghello et al., 2011).
119 ii) breeding program importance; that is, used as parental lines and/or as check 
120 varieties for new lines; and 
121 iii) varieties containing notable differences in their eco-physiological response to 
122 drought stress, arising from distinct adaptive mechanisms (e.g. variations in 
123 flowering time, biomass partitioning and water-use efficiency traits); 
124 The three selected varieties were Douradão, a landrace representative of the period 1986–
125 1992 (1980s); BRS Primavera (Primavera, hereafter), an improved cultivar representative 
126 of the period 1993–2002 (1990s); and BRSMG Curinga (Curinga, hereafter), an improved 
127 cultivar representative of the period 2003–2013 (2000s).
128 Here, Douradão was considered as traditional cultivar (landrace) and Curinga and 
129 Primavera as modern cultivars (MCs). Douradão is a short-cycle (~95 days) old-type 
130 cultivar made available commercially in 1979, has low grain quality (longer grain but 
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131 thicker than the preferred by consumers at present) and is able to withstand adverse 
132 conditions of water deficit mainly due to its low number of leaves in the main stem (lower 
133 biomass production) and short cycle (Heinemann et al., 2009, 2011, 2017). Primavera 
134 was released in 1997 using germplasm introduced from CIAT (International Center for 
135 Tropical Agriculture). It is a semi-early maturing cultivar (~100 d), considered the first 
136 upland rice cultivar combining high yield and grain quality value (long-slender grain), 
137 taking over formerly released varieties. Primavera was sown in about 45% of the upland 
138 rice region late 1990s and early 2000s (Heinemann et al., 2009). Curinga is a modern type 
139 cultivar released in 2004 by Embrapa Rice and Beans and partners using genotypes 
140 (indica x japonica background) introduced from CIAT. It has medium to long cycle (~115 
141 d from emergence to physiological maturity), moderate resistance to the main diseases 
142 and high grain quality. Among the three cultivars, Curinga has the highest potential yield 
143 under favorable conditions (Heinemann et al., 2017).
144
145 2.3 Upland rice trial data for crop model parameterization and evaluation
146 Field experiments were conducted for the purpose of model parameterization (Sect. 2.6.2) 
147 and evaluation (Sect. 2.6.3). Two sets of experiments were carried out. The first set was 
148 used for model parameterization and consisted of six field trials, whereas the second set 
149 was used for model evaluation (see below). 
150 Model parameterization experiments were performed at the Embrapa Rice and Beans 
151 experimental station located in Santo Antônio de Goiás, GO, (latitude: -16.47; longitude: 
152 -49.28) during the rainy seasons of 2008/2009, 2009/2010, 2010/2011 and 2012/2013  
153 and at the Emater experimental station located in Porangatu, GO (latitude: -13.46; 
154 longitude: -49.13) during the rainy season of 2009/2010. The soil in both sites is an oxisol 
155 (see Supplementary Table S2 for soil chemical analyses), and the planting density was 
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156 267 seeds m-2. Three out of six experiments were irrigated, with irrigation done such that 
157 soil humidity was kept at 15 kPa (monitored by tensiometers), thus allowing model 
158 calibration under non-limiting water conditions. In these experiments, chemical fertilizer 
159 was applied in the soil at sowing (22 kg ha-1 N; 135 kg ha-1; P2O5 and 67 kg ha-1 K2O), at 
160 the beginning of tillering (40 kg ha-1) and at panicle initiation (40 kg ha-1 N). All the 
161 experiments were used for phenology parameterization, and five out of the six were used 
162 for growth parameterization (see Table 1). 
163 The second set of experiments, referred to as EVAL, consisted of 9 rainfed experiments 
164 conducted during the period 2004-2012 by the upland rice breeding program with the aim 
165 of testing the value for cultivation and use (METs – multi-environment trials for ending 
166 genotype test, i.e. genotypes at F10) of candidate lines for potential varietal release. These 
167 trials reported only phenology and end-of-season yield for the check cultivars Primavera 
168 and Curinga. These trials were conducted in the rainy season, without irrigation and with 
169 chemical fertilizers applied in the soil at sowing, at intermediate to high rates compared 
170 to farmer’s management. In the MET experiments, the UR breeding program does not 
171 use any fungicide control, so that selection for blast resistance (when blast is present) is 
172 directly included. Since Douradão is an old cultivar and is not routinely used as check 
173 since the 1990s in the METs, experiments conducted at Embrapa Rice and Beans 
174 experimental station in the wet seasons of 2008/2009, 2009/2010 and 2010/2011 were 
175 used for model evaluation instead of METs. Table 1 presents a summary of experiments, 
176 variables reported and their use within this study.
177
178 2.4 Weather and soil data for crop simulations
179 Daily weather data from fifty-six sites was gathered from a previous study (Fig. 1) 
180 (Heinemann et al., 2015). This dataset consists of daily observations, from 1986 to 2013, 
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181 originally gathered from the Brazilian Meteorological Institute (INMET, 
182 http://www.inmet.gov.br), and thoroughly checked and corrected for gaps and errors (see 
183 Heinemann et al. 2015 for further details). Using the locations of the weather stations, the 
184 region was divided in sub-regions by Thiessen (or Dirichlet) polygons to be able to carry 
185 out spatially-explicit simulations (Heinemann et al., 2002, 2015). For each sub-region, 
186 the four most prevalent agricultural soils classes (totaling 93% of all the soils in the 
187 region), i.e. Oxisols (~45%), Ultisols (~18%), Entisols (~15%), Plinthosols (~15%), were 
188 then selected from a Brazilian soil database (Benedetti et al., 2008; available at 
189 http://www.esalq.usp.br/gerd/BrazilSoilDB_08VI05.xls, see Fig. 1 for soil classes 
190 distribution). These data were then used to derive soil hydrological properties following 
191 the same procedure applied by Heinemann et al. (2015). Supplementary Table S3 
192 describes physical and hydrological soil properties.
193
194 2.5 Upland rice historical observed yield (farmer yield)
195 Upland rice historical observed farmer yield data were obtained from the Brazilian 
196 Institute of Geography and Statistics (IBGE - http://www.sidra.ibge.gov.br/). This survey 
197 dataset (farm yield, hereafter) is collected from a network of cooperatives and farms, then 
198 organized by IBGE by county and represents all cultivars cropped in a given region. 
199 However, we note that the cultivars Douradão, Primavera and Curinga were widely grown 
200 during the time they represent in this study (1980s, 1990s and 2000s, see Section 2.2 - 
201 Selected germplasm). 
202 We use these data in order to provide a benchmark comparison with simulated yields and 
203 their sensitivity to drought, with the consideration that much of the yield progress at farm 
204 level is due to the adoption of new cultivars released by the UR breeding program. For 
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205 the states of Mato Grosso, Rondônia and Goiás, the UR historical observed farm yield is 
206 available from 1986 to 2013, whereas for Tocantins it is available from 1990 to 2013. 
207 In this study, we have done the analyses of drought impact (drought risk) by state. 
208 According to MAPA (Brazilian Ministry of Agriculture, Cattle and Supplying; 
209 http://www.agricultura.gov.br/guia-de-servicos/registro-nacional-de-cultivares-rnc), 
210 after 1995, the upland rice breeding program must specify the state(s) for which a new 
211 cultivar released is adapted to (Primavera and Curinga are adapted to the four states 
212 analyzed here). Based on that, we aggregated the farm yield (observed farmer yield) time 
213 series as well as the simulated yield (described in Sect 2.7) by year and state.
214
215 2.6 Crop simulation model and cultivar-specific coefficients
216 2.6.1 Model description
217 In this study, we applied the ORYZAv3 crop model (Bouman et al., 2001) to assess 
218 cultivar response to drought stress conditions in Brazil. ORYZAv3 is a process-based rice 
219 simulation model developed for a wide variety of applications in rice research (Bouman 
220 and van Laar, 2006; Li et al., 2013). The model predicts growth and yield as influenced 
221 by local environmental conditions, agronomic practices, and cultivar traits. Its strong 
222 ability to quantify the influence of soil water on rice growth and yield (Bouman and van 
223 Laar, 2006; Feng et al., 2007) allows to evaluate the response of rice cultivars under 
224 drought stress (Li et al., 2013). We simulated the water dynamics using the ‘PADDY’ 
225 soil water balance module. This is a one-dimensional multi-layer (up to 10) model that 
226 simulates soil water balance for a variety of growing conditions (e.g. puddled or non-
227 puddled), with free or impeded drainage at a given depth in the soil profile. The ‘PADDY’ 
228 module is described in detail by Boling et al. (2007). The same study demonstrated that 
229 the model is suitable for rainfed conditions. ORYZAv3 has been used to quantify rice 
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230 yield gaps at global, national or regional scales (Boling et al., 2010; Espe et al., 2016; 
231 Laborte et al., 2012), to provide a cost-effective screening method for drought-tolerance 
232 (Li et al., 2013) and for determining drought-stress profiles for upland rice in Brazil under 
233 current (Heinemann et al., 2015) and future climates (Ramirez-Villegas et al., 2018).
234
235 2.6.2 Model parameterization
236 Model parameterization is here referred to as the process of deriving cultivar-specific 
237 coefficients using field data. In this study, we parameterized the ORYZAv3 model for 
238 cultivars Douradão and Curinga, and obtained parameters for Primavera from a previous 
239 study (Heinemann et al., 2015). For consistency, the parameterization process of 
240 Douradão and Curinga followed the same method employed by Heinemann et al. (2015) 
241 for Primavera. The method consists in first calculating crop development rates using the 
242 six experiments for phenology calibration (see PHE in Table 1). Next, crop growth 
243 genotype-specific parameters, i.e. specific leaf area; light extinction coefficient; 
244 assimilate partition coefficients between organs; leaf senescence coefficient; 
245 remobilization rates of carbohydrates to storage from reserve pools of stem, root, and leaf; 
246 and drought sensitivity, are derived using a genetic algorithm (see Li et al., 2013). The 
247 iterative genetic algorithm used the five experiments with growth measurements (see 
248 GRO in Table 1) and was run until the differences between field measurements and 
249 simulated outputs were minimized in a given number of iterations (10,000). The process 
250 was stopped either when the maximum number of iterations was reached, or when the 
251 differences between the measured (LAI, leaf, stem and panicle biomass) and simulated 
252 values were within the range of measurement deviations.
253
254 2.6.3 Model evaluation
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255 Model evaluation focused on assessing the differences between measurements and 
256 simulations for the variables measured in the EVAL dataset (flowering and physiological 
257 maturity dates, and end-of-season yield; Table 1). The root mean squared error (RMSE), 
258 mean bias and Pearson correlation were used as measures of model skill. 
259
260 2.7 Crop model simulations
261 Simulations were performed for a range of sowing dates (8 dates between 1st Nov and 
262 10th Jan), for each soil class (4), and weather station region (56) for the period 1986-2013, 
263 using recommended agronomic practices. Simulations were initiated in February, 
264 regardless of sowing date, to allow for the establishment of a realistic soil water profile 
265 on the basis of rainfall patterns occurring before sowing. Simulations were performed for 
266 yield potential (Yns, i.e., well-watered) and for water-limited yield (Ywl, i.e. rainfed), but 
267 without nutrient, pest or disease limitations. The latter is also referred to as attainable 
268 yield (Lobell et al., 2009). For Yns simulation, we used automated irrigation supply when 
269 the moisture content in the top 30 cm of soil was 20 % below the field capacity. These 
270 simulated scenarios represented the effects of the weather variations in the study region 
271 across time (sowing dates x years) and space (soils x locations) for each yield level (water-
272 limited and not-limited).
273
274 2.8 Drought impact on yield at cultivar level
275 Using the simulation results, we quantified drought impacts for the three cultivars 
276 analyzed (Curinga, Primavera and Douradão). The method described by Heinemann et 
277 al. (2016), whereby the relative drought impact or relative drought risk (RDI, %) is 
278 computed as the relative difference between simulated attainable yield (Ywl) and simulated 
279 yield with no water limitation (Yns) (Eq. 1) was used. Similarly, the drought impact (DI, 
12
280 kg ha-1) was computed as the arithmetic difference between Yns and Ywl (Eq. 2). Both Yns 
281 and Ywl are computed as the average yield in a given period of interest (e.g. 1986–2013) 
282 for a given site.
283 [Eq. 1]𝑅𝐷𝐼𝑖 =
(Yns 𝑖 ‒ Ywl 𝑖)
Yns 𝑖
∗ 100
284 [Eq. 2]𝐷𝐼𝑖 = (Yns 𝑖 ‒ Ywl 𝑖)
285 where i is cultivar
286 RDIi represents the drought risk across time within geographical regions when cultivar i 
287 is cultivated in a water-limited environment. DIi can be defined as the theoretical yield 
288 losses caused by water-deficiencies from the interaction between site-specific 
289 environmental variables (e.g. soil types, sowing dates, and weather shifts across the years) 
290 and growing varieties.
291
292 3. Results
293 3.1. Crop model skill and genotype specific parameters
294 The ORYZAv3 crop model showed good performance for predicting UR phenology. The 
295 model predicted flowering, and physiological maturity dates of the PHE (phenology 
296 calibration) dataset accurately (Supplementary Fig. S1A–B) considering all cultivars. The 
297 physiological maturity date showed the largest RMSE (3.93 days, Supplementary Fig. 
298 S1B). For the EVAL dataset (Supplementary Fig. S1D, E), the RMSE values for 
299 flowering and physiological maturity date were 2.86 and 2.45 days, respectively. Yield 
300 evaluation based on the EVAL dataset showed low values of RMSE and bias (407 and -
301 154 kg ha–1, respectively, Supplementary Fig. S1F). ORYZAv3 also captured well the 
302 inter-annual variability of yield for the three cultivars from 2004 to 2012 (Fig. 2). Yield 
303 overestimation was observed for some years, probably due to blast disease incidence 
304 stronger in these years in the METs (multi-environment trials). 
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305 Model parameters captured well the cultivar differences for growth and phenology 
306 (Supplementary Table S5 and S6). For instance, the earliness of cultivars Douradão and 
307 Primavera was captured by the higher development rate in the vegetative period (DVRJ 
308 = 0.001019 and 0.001031 (°Cd-1), Supplementary Information Table S5). Similarly, there 
309 is a faster development rate for Douradão during the reproductive period (DVRP = 
310 0.000732 (°Cd-1), Supplementary Information Table S5). Curinga, the most modern 
311 cultivar of the three, has the slowest development for the vegetative period (DVRJ = 
312 0.000690 (°Cd-1), Supplementary Information Table S5), and the highest for the 
313 reproductive period (DVRP = 0.002470 °Cd-1, Supplementary Information Table S5). 
314 The relative leaf area growth rate (RGRL; °Cd−1), which represents the leaf development 
315 in the exponential phase (until LAI = 1) was higher for the MCs (Supplementary Table 
316 S5). As RGLR is empirically derived from field experiments with no nitrogen limitation, 
317 MCs show better nitrogen use efficiency at the beginning of growth. The fraction of total 
318 dry matter allocated to shoots (FSH) was higher for the MCs during the vegetative period 
319 (DVS = 0.43, Table S6), showing the capability of MCs to have higher biomass 
320 accumulation. On the other hand, Douradão has higher fraction biomass partitioned to 
321 roots, which is represented as 1- FSH.
322
323 3.2. Cultivar sensitivity to drought
324 We assessed the differences in drought impact (DI) across cultivars using the difference 
325 between Yns (simulated yield with no water limitation) and Ywl (simulated yield with water 
326 limitation, i.e. rainfed) as described in Sect. 2.8. In general, we found substantial variation 
327 in drought impact across the cultivars. The relative (absolute) drought impact varied 
328 between 24 % (894 kg ha-1) and 33 % (1,542 kg ha-1) (Fig. 3). Similarly, the distance 
329 between probability of exceedance curves for well-watered (Yns) and water-limited (Ywl) 
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330 conditions varies widely across cultivars and states (Fig. 4). Results show that the older 
331 cultivar, Douradão, has the lowest absolute and relative drought impact (DI=894 kg ha-1, 
332 RDI=24%, on average across the entire study region), followed by the modern cultivars 
333 (MCs), Primavera (DI=1,375 kg ha-1, RDI=29 %) and Curinga (DI=1,542 kg ha-1, 
334 RDI=33%) (Fig. 3). Douradão showed the lowest distance between the probability of 
335 exceedance curves for irrigated (i.e., simulated yields with no water limitation, Yns) and 
336 rainfed (i.e., simulated attainable yield, Ywl) conditions (Fig. 4, full and dashed green lines, 
337 left panels), indicating this landrace is less affected by drought events in the study region. 
338 MCs (Primavera and Curinga), on the other hand, showed the highest distance between 
339 the probability of exceedance curves for irrigated (Yns) and rainfed (Ywl) conditions (Fig.4, 
340 full and dashed yellow and red lines, middle and right panels), therefore indicating that 
341 MCs are more affected by drought events in the UR target area. This effect is most marked 
342 for Curinga, which is the most recent release of the three varieties analyzed here. 
343
344 3.3 Spatial and temporal variation in changes in drought sensitivity across breeding 
345 phases
346 Figure 5A shows the spatial distribution of relative drought impact (RDI, in percentage) 
347 for the three cultivars. For Douradão, drought impact is generally low across the study 
348 region, except for specific pockets in the south of Tocantins, north-eastern Goiás, and 
349 eastern Mato Grosso. By contrast, for both MCs (Primavera and Curinga), drought impact 
350 is higher, with major areas in southern Tocantins, northern Goiás, and south-western 
351 Mato Grosso with RDI values above 45 % yield reduction due to drought.
352 Since as stated earlier (Sect. 2.2), these three cultivars represent the UR germplasm 
353 released by the breeding program and used by farmers in the last three decades (1980s, 
354 1990s and 2000s), the differences between the three cultivars described above reflect 
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355 changes in drought impact across time. Fig. 5B illustrates the changes in RDI across 
356 decades; these are computed as differences between RDI between cultivars. The 
357 difference between the RDI of Primavera and Douradão reflects the change in drought 
358 impact between 1980s and 1990s; the difference between Curinga and Primavera reflects 
359 the change between 1990s and 2000s; finally, the difference between Curinga and 
360 Douradão illustrates the total change in drought impact (i.e. between 1980s and 2000s). 
361 The overall change 1980s-2000s (Fig. 5B) varies between 2.3 % to 24.6 % (mean 12 %), 
362 with the majority of the UR growing area showing changes between 10-20 %, and only 
363 south-western Mato Grosso showing changes greater than 20 %. Changes in drought 
364 impact are larger between 1980s and 1990s (mean 30 %) compared to the changes 
365 between 1990s and 2000s (mean 18 %).
366
367 3.4 Comparison of simulated and farmer yield
368 A different way of analyzing the need to address drought tolerance in the breeding 
369 program is by comparing farmer yield and water-limited simulated yield (Ywl) or its ratio 
370 (farmer yield/Ywl). The closer the farmer yield is to Ywl, the more difficult it would be to 
371 increase on-farm yield without explicitly addressing cultivar sensitivity to drought. 
372 Farmer yield is generally below both, simulated Yns (well watered) and Ywl (water 
373 limitation) (Fig. 6). In all four states, historical observed farm yield increased through 
374 time (Fig. 6, black squares), likely reflecting adoption of both new cultivars and better 
375 management practices. On the other hand, Ywl tended to either stay relatively constant or 
376 to decrease slightly. In all states and decades of breeding, therefore, the average on-farm 
377 yield became closer to Ywl with time (Table 2 and Fig. 6). Notably, for the states of 
378 Rondônia and Mato Grosso, characterized by having UR farmers with intermediate level 
379 of technology (i.e. infrastructure suitable for mechanical cultivation, receptive to new 
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380 technologies and grow rice at commercial scales), the observed yield in 2013 is almost as 
381 high as Ywl (Fig. 6, Table 2). Conversely, the states of Goiás and Tocantins have the 
382 greatest susceptibility to drought (Table 2) but are the furthest away from reaching Ywl.
383
384 3.5 Greater yield potential at the expense of drought tolerance 
385 We observed that an average increase of 12 % in drought impact has occurred between 
386 1980s and 2000s (Fig. 5A). Plotting simulated well-watered yield (Ynl) and drought 
387 impact as a scatter plot reveals the drought sensitivity (i.e. yield reduction from drought 
388 per unit of well-watered yield) of the different breeding phases (see Fig. 7). Importantly, 
389 while the largest increase in drought impact occurred from 1980s to 1990s (Fig. 5B), the 
390 largest increase in drought sensitivity occurred from 1990s to 2000s (Fig. 7). 
391
392 4. Discussion
393 4.1 Changes in cultivar characteristics amongst breeding phases
394 The cultivars, landrace (Douradão) and MCs (Primavera and Curinga), show differences 
395 in the development rates (Supplementary Table S5), with Douradão being the shortest 
396 and Curinga the longest cycle. Heinemann et al. (2009) note that panicle differentiation 
397 (PD) were observed at full development of leaf 10 for Curinga (at 8-9 for Primavera, and 
398 at 7-8 for Douradão). The same study showed that the main stem final leaf number ranged 
399 from 12 to 13 for Curinga (11-12 Primavera; 9-10 Douradão) (Heinemann et al., 2009). 
400 According to Liu et al. (2013), who studied changes in rice cultivars in three decades 
401 (1981 to 2009) in China, one of the main changes involved increases in the actual thermal 
402 time requirements to complete the growing period as a result of reduced development 
403 rates and photoperiod sensitivity and extended grain filling period, to maintain and 
404 increase yield and to compensate the negative impact of warming on the length of the 
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405 growing period. Here, we found changes in cultivar characteristics related to phenology 
406 similar to those of Liu et al. (2013), and, while we did not analyze global warming, it is 
407 clear that the decision of the breeding program to perform direct selection on potential 
408 yield as well as to fix flowering time to around 80 days to minimize the photoperiod 
409 sensitivity (Breseghello et al., 2011) have led to such changes. 
410 The three cultivars also differ in the transpiration process. The MCs, based on osmotic 
411 adjustment, are not able to maintain the leaf turgor in the reproductive phase supporting 
412 stomatal conductance under lower leaf water status (Heinemann et al., 2011). These 
413 cultivars showed a lower average fraction of total transpirable soil water (FTTSW) that 
414 can be depleted from the root zone before reduction in transpiration occurs. Consequently, 
415 they have higher effective use of water, the major engine for agronomic or genetic 
416 enhancement of crop production (Blum, 2009), and are better adapted to express their 
417 potential yield in the most favorable areas considering low intensity occurrence of water 
418 deficit (Heinemann & Sentelhas, 2011; Heinemann et al., 2011). On the other hand, the 
419 landrace, Douradão, has greater stomatal closure under drought at the cost of lower 
420 potential production. Compared to the MCs, this cultivar has a higher FTTSW that can 
421 be depleted from the root zone before reduction in transpiration occurs (Heinemann et al., 
422 2011). Since the response of Douradão is also related to low yield reduction under 
423 drought, the higher FTTSW that can be depleted from the root zone before reduction in 
424 transpiration occurs in this cultivar can be seen as a “cautious” response to protect the soil 
425 water reserve, which increases WUE or transpiration efficiency at the crop scale (Kato et 
426 al., 2008; Sinclair et al., 2007). 
427 Additionally, according to our results, MCs have higher ability to partition more biomass 
428 to the shoot than the landrace (FSH, Supplementary Table S6). Consequently, in well-
429 watered situations, they have higher biomass accumulation and yield. Conversely, the 
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430 landrace has higher ability to partition more biomass to the root, and, as already described 
431 above, higher stomatal closure. This result is consistent with field observations, in which 
432 Douradão was found to withstand water deficit conditions, showing higher yields than 
433 modern cultivars in environments with moderate to severe water deficit (Heinemann et 
434 al., 2017). In general, therefore, previous studies indicate that drought adaptation traits 
435 such as greater root length density, shorter cycle, less stomatal sensitivity to drought for 
436 higher water use efficiency have been systematically bred out of the UR material in the 
437 period 1980–2013.
438 The implications of these changes are crucial for the performance of cultivars in farmers’ 
439 fields, where water stress situations can be observed frequently (see Heinemann et al., 
440 2015). For instance, longer growing cycles are helpful for biomass accumulation in both 
441 stem and grain, but lead to more risk of being exposed to reproductive and terminal 
442 drought stress, which is prevalent across central Brazil, and especially in the states of 
443 Goiás and Tocantins (see Heinemann et al., 2015, for drought stress characterization). 
444 Similarly, under severe water stress, previous studies have shown that Douradão’s ability 
445 to withstand drought is due to a greater root density in all soil layers, except in the initial 
446 layer (0-20 cm) (Guimarães et al., 2017).
447
448 4.2 Causes and implications of changes in drought impact and sensitivity 
449 It is well known that modern plant breeding has been more successful in favorable 
450 growing conditions than in unfavorable conditions (Araus et al., 2002; Byerlee & Husain, 
451 1993; Hemamalini et al., 2000). The adopted UR breeding strategy, direct grain selection 
452 and wide adaptation is cost-effective and efficient, with mean yearly genetic gains of 45.0 
453 kg ha–1 (1.44 %) from 2002 to 2009 in the undivided UR target region (Breseghello et al., 
454 2011, also see on-farm yield increases in Fig. 6). Nevertheless, optimal conditions in the 
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455 UR growing region represent only 19% of total UR target area, with the remaining 81 % 
456 experiencing either terminal, reproductive, or joint terminal-reproductive drought stress 
457 (Heinemann et al., 2015). Therefore, the changes in drought impact and sensitivity 
458 reported here are a direct result of the breeding strategy during the period 1980–2013 (but 
459 see Sect. 4.3.1). In such a strategy, the screening of the early generation (nursery) is done 
460 in a single site, Santo Antônio de Goiás, GO, latitude: -16.47; longitude: -49.28, under 
461 stress-free conditions. Nevertheless, according to Heinemann et al. (2008, 2015), the 
462 nursery site (Santo Antônio de Goiás, GO, latitude: -16.47; longitude: -49.28) is classified 
463 as a highly favorable environment for UR growing where stress-free conditions are 
464 predominant. This implies that new crop varieties are exposed to abiotic stresses only at 
465 later breeding stages, when genotypes are fewer and genetic variation lower. 
466 Additionally, testing sites for ‘multi-environment trials’ (METs) are not selected on the 
467 basis of environmental characterization, and when drought is prevalent in trials, these are 
468 generally discarded. As demonstrated here, these selection practices indeed increase the 
469 risk of developing genotypes specialized for highly favorable areas that do not have 
470 enough plasticity and hence do not respond well under stressed conditions.
471 The increase in drought impact and sensitivity has several implications for farmers and 
472 more broadly for the economy of the UR growing region, as follows,
473  Farmer yield has been getting closer to water-stressed yields, even if potential yields 
474 have been increasing. This means that well-watered (Ynl) and water-stressed yields 
475 (Ywl) have been decoupling. If such decoupling continues, further increases in on-farm 
476 yields from the adoption of newly released varieties will not be possible. This implies 
477 that further gains via use of more fertilizer, use of machinery, or greater adoption of 
478 high yielding cultivars (such as Curinga), may only result in marginal increases in on-
479 farm yield. Therefore, if increases in UR production in Brazil are to be realized, 
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480 especially in the face of continuously declining growing areas (Heinemann et al., 
481 2017; Martínez et al. 2014; Pinheiro et al., 2006) and climate change-induced yield 
482 reductions (Ramirez-Villegas et al., 2018), the UR breeding program should seek to 
483 develop new cultivars with high potential yield that maintain their productivity under 
484 drought.
485  Because breeding targets potential yield and wide adaptation to the undivided target 
486 region, the effectiveness of breeding gains differs across states due to their differing 
487 environmental conditions (Goiás and Tocantins being more water-limited than Mato 
488 Grosso and Rondônia). This means that, in addition to the possible decoupling 
489 described above, farmers in states where the climate is less favorable realize a smaller 
490 portion of the increases in potential yields. This can be seen in Fig. 6, in which on-
491 farm yield progress for Mato Grosso and Rondônia is greater than for Goiás and 
492 Tocantins.
493  The lack of drought adaptation mechanisms in modern cultivars increases cropping 
494 risk for farmers, leading to major shifts in crop cultivation. UR played a very 
495 important role in the expansion of the agricultural frontier in central Brazil, from the 
496 1970s to 1990s, with a peak of 5 million hectares cropped in 1987 (Martínez et al., 
497 2014). Currently, due to the low profit margins and the sensitivity of UR yield and 
498 quality to rainfall distribution, it is not a major component of the central Brazil 
499 agricultural production area anymore, being replaced by soybeans, maize and cotton. 
500 This trend may increase if drought becomes more prevalent due to climate change 
501 (see Ramirez-Villegas et al., 2018), resulting in further decreases in rice production, 
502 and more dependence on rice production from southern Brazil.
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503 For yield gains to be realized in the UR production region, adjustments in the breeding 
504 strategy are required. The following sections discuss some already existing and future 
505 strategies for improving the UR breeding program. 
506
507 4.3. Recent improvements done in the UR breeding program strategy for minimizing the 
508 drought sensitivity of modern cultivars
509 As stated above, improvements have already been taking place in the UR breeding 
510 program. These include adjustments to the conventional breeding pipeline (Sect. 4.4.1), 
511 the creation of a drought-tolerance breeding program (Sect. 4.4.2) and the use of 
512 marker-assisted selection (Sect. 4.4.3). The three strategies are described below.
513
514 4.3.1 Conventional breeding 
515 The current UR breeding program strategy was adopted by Embrapa after 2002 and has 
516 focused on population improvement based on two main breeding methods: modified 
517 pedigree and recurrent selection. Through conventional breeding, the strategy aims to 
518 enhance the genetic stability and to explore the genotype by environment interactions 
519 through adaptability. The fourth generation genotypes, F2:4 or S0:2, are screened in five 
520 locations (METs). This early evaluation is a modification of the pedigree method with 
521 remarkable results (Martínez et al., 2014). This implies exposing the progenies to a range 
522 of environments. The best progenies, based on the joint analysis of all METs results are 
523 selected for single plant selection (modified pedigree) or recombination (recurrent 
524 selection). The same concept is applied in generation F6 to F10 (pedigree method). The 
525 F10 elite lines are tested around 40 sowing dates per year (MTEs – some locations have 
526 2-3 sowing dates) spread out in the UR target region. Based on that, the UR breeding 
527 program is expected to select high yielding elite lines with capacity to respond favorably 
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528 to environmental changes and with highly predictable performance in the UR target 
529 region (Colombari Filho et al., 2013). The current breeding strategy resulted in a high-
530 yielding cultivar with a medium tolerance under stressful conditions, BRS Esmeralda, 
531 released in 2013 (Castro et al., 2014). While our study only covered the period 1980–
532 2013, adoption of BRS Esmeralda after its release is substantial (adoption area for season 
533 2015/2016 estimated at 93,500 ha; ca. ~30% of total UR production area) 
534 http://bs.sede.embrapa.br/2016/index.html). Future studies could analyse the sensitivity 
535 of BRS Esmeralda to drought with the methods we used here to determine if the post-
536 2002 breeding strategy is indeed reversing the 1980–2000 trend of greater drought impact 
537 and sensitivity.
538
539 4.3.2. Breeding for drought tolerance
540 In 2004, the UR breeding program started a specific program for drought tolerance (with 
541 conventional breeding techniques and recurrent selection). While no commercial 
542 genotypes have been released yet, it is expected that drought tailoring will help addressing 
543 some of the concerns discussed in Sect. 4.2. The improvement of drought stress tolerance 
544 is done by exploiting crosses using germplasm collections of broad genetic diversity, 
545 sometimes expanding to wild species as well through population breeding using the 
546 recurrent selection breeding method. This program is conducted in a drought prone 
547 located at Porangatu, GO (latitude: -13.88, longitude: -50.05) where post-rainy season 
548 cold stress is not a limitation for growing rice (Martinez et al., 2014). Sowing is done at 
549 the end of April/May, during the dry season, with irrigation supply for the plants. The 
550 experiments are irrigated only up to 45 days after emergence, after which water deficit is 
551 imposed up to harvest (Guimarães et al., 2015). The water stress applied is severe, 
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552 generally leading to yield reductions greater than 50 %. The first drought-tailored 
553 commercial varieties are expected be available by 2020.
554
555 4.3.3 Diversity panels and marker-assisted selection
556 Markers significantly associated with traits of interest (grain number, grain filling, panicle 
557 elongation, root characteristics (architecture, diameter, length, volume and projected 
558 area)) are under development in order to speed up and facilitate the breeding program for 
559 drought tolerance. In the context of population breeding, marker-assisted recurrent 
560 selection. (MARS) consists of improving the mean population value through successive 
561 cycles of recombination of genotypes selected via MAS.
562
563 4.4. Actions that can further improve the current UR breeding program
564 While a number of breeding strategies are already in place to address concerns of 
565 increasing drought sensitivity, further improvements are possible through targeting 
566 breeding for specific environments (Sect. 4.4.1), taking into account drought stress 
567 profiles and environmental co-variables in statistical analyses for genotype selection 
568 (Sect. 4.4.2), and adjusting the time of planting for screening trials in the drought 
569 tolerance program (Sect. 4.4.3). These strategies are discussed below.
570
571 4.4.1. Dividing the UR target region in environments
572 For a breeding program to be a successful it must have clear targets and priorities. In this 
573 study, we demonstrated that the UR breeding program strategy adopted in 1980s led to 
574 developing genotypes adapted to highly suitable areas (mostly predominant in the Mato 
575 Grosso and Rondônia states). Selecting UR genotypes with wide adaptation for an 
576 extensive (from 7 to 20 °S and from 65 to 45 °W) and heterogeneous in terms of 
577 environment (climatic and soil) and socio-economics (farms technology levels) target 
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578 region is a difficult task (Borges et al., 2012; Breseghello et al., 2011; Reginato Neto et 
579 al., 2013). Based on a study of stability and adaptability of Brazilian UR elite lines (from 
580 27 years of METs, Colombari Filho et al. 2013), showed that crossover interaction among 
581 sites was higher than among years, which makes the selection of cultivars with wide 
582 adaptation in an undivided UR target region complex. We also know that implementing 
583 an environment-specific germplasm selection strategy is not economically feasible, since 
584 UR is not as high profit a crop as soybean and maize; there are only a few seed companies 
585 interested in replicating seeds and they prioritize cultivars with broad adaptation with 
586 more marketing options as opposed to cultivars adapted to specific environments 
587 (Breseghello et al., 2011). In addition, the UR breeding programs are basically conducted 
588 by public institutions which depend of governmental budgets and resources required for 
589 separate efforts to develop new varieties need to be appropriately justified (Fischer et al., 
590 2012). However, based on the arguments showed in this study, a differentiated strategy 
591 that isolates drought stress profiles is recommended, since this would allow to control for 
592 GxE interactions (Heinemann et al., 2015, 2016). The best strategy would be to divide 
593 the UR target region in two environments: a) specific adaptation to stress-free conditions 
594 (i.e. selection for yield potential) which covers highly suitable areas in the Mato Grosso 
595 and Rondônia states; and b) wide adaptation to drought, or selection for yield under 
596 drought, weighted by the probability of different drought profile conditions, mainly for 
597 the Goiás and Tocantins states. This is especially important since it has been projected 
598 that drought will continue to be an important limiting factor for UR under future climate 
599 (Ramirez-Villegas et al., 2018).
600
601 4.4.2. Considering the predominant drought stress and environmental co-variables in the 
602 UR target region
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603 The modified breeding strategy (explained in Sect. 4.3.1) results in high-yielding cultivars 
604 with an intermediate tolerance under stressful conditions (BRS Esmeralda, Castro et al., 
605 2014), and therefore still leaves risks to farmers that adopt such varieties. It enhances 
606 wide adaptation and has led to improved genotypic stability, but selection weights equally 
607 all stresses, and there is no consideration of environmental co-variables (e.g. weather, soil 
608 water contents) in the statistical analysis. Due to the diversity of stresses found in the UR 
609 target region (Heinemann et al., 2015), it is suggested that breeders consider the drought 
610 stresses in the ‘multi-environment trials’ (METs), and co-variables in their analyses. This 
611 will not only allow performing selections for more specific drought situations, but also 
612 tracking yield gains under different conditions more effectively.
613
614 4.4.3. Improving the breeding for drought tolerance
615 In the Brazilian UR target region, UR is grown in the rainy season, with relative humidity 
616 rarely below 70% during flowering. In the drought prone site Porangatu, rice lines are 
617 tested during the dry season to avoid any rain. Flowering occurs in the middle of the dry 
618 season, where air humidity is around 20 to 30%. Low air humidity leads to reduced 
619 spikelet fertility even in the well-watered treatment, which may act as a confounding 
620 factor in the genotype selection for drought tolerance. Therefore, we suggest that the 
621 sowing date be brought forward to the end of February, when air humidity conditions are 
622 closer to that of the actual UR growing season. In the UR target region, there is no drought 
623 stress in the vegetative phase (Heinemann et al., 2015) and therefore some rain in the 
624 vegetative phase is unlikely to mislead selection. However, there is a risk that in some 
625 years the rain will lengthen and adversely affect the trial. Rain shelters are the best 
626 solution in such situations. Besides that, we also suggest that the drought intensity and 
627 time be consistent with the drought profiles reported by Heinemann et al. (2015). They 
26
628 characterize reproductive stress starting around 34 days after emergence and reaching its 
629 highest intensity during the reproductive phase.
630
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803 Table 1 Experimental data used in this study for model parameterization and evaluation
Name Description Measured variables used Used for Cultivars Site
PHE (1) Wet season 2008/2009 (sowing 14/12) (RE)
Panicle initiation date; 
flowering date; maturity 
date
Phenology 
parametrization C; D; P SAG
(2) Wet season 2008/2009 (sowing 14/12) (IR) C; P; D SAG
(3) Wet season 2009/2010 (sowing 24/11) (RE) C; D; P SAG
(4) Wet season 2009/2010 (sowing 22/11) (IR) C; D; P Porangatu
(5) Wet season 2010/2011 (sowing 16/12) (RE) C; D; P SAG
(6) Wet season 2012/2013 (sowing 18/09) (IR) C; D SAG
GRO (1) Wet season 2008/2009 (sowing 14/12) (RE)
Stem, leaf, and panicle 





C; D; P SAG
(2) Wet season 2009/2010 (sowing 24/11) (RE) C; D; P SAG
(3) Wet season 2009/2010 (sowing 22/11) (IR) C; D; P Porangatu
(4) Wet season 2010/2011 (sowing 16/12) (RE) C; D SAG
(5) Wet season 2012/2013 (sowing 18/09) (IR) C; D SAG
EVAL (1) Multi experiments from breeding program from period 2004-2012 (RE)
Flowering date; 
maturity date; yield Model evaluation C; P SAG
(2) Wet season 2008/2009 (sowing 14/12) (IR) D SAG
(3) Wet season 2009/2010 (sowing 24/11) (RE) D SAG
(4) Wet season 2010/2011 (sowing 16/11) (RE) D SAG






809 Table 2. Average ratio of observed farm yield and simulated water limitation yield, and 















farm yield/water limitation (Ywl) Ywl/ no water limitation (Ynl)
Mato Grosso 0.47 0.62 0.88 0.82 0.74 0.75
Rondônia 0.64 0.51 0.78 0.84 0.78 0.74
Goiás 0.43 0.47 0.66 0.65 0.64 0.65










819 Figure 1. Upland rice target region in Central-North Brazil. Geographical distribution of 
820 weather station locations (triangles), weather stations coverage area (polygons), and soil 
821 class (colors). Numbers represent weather station identifiers described in the 




825 Figure 2. Observed mean yield (continuous line) from UR multi-trial experiments at 
826 Santo Antônio de Goiás, GO, (EVAL dataset, see Table 1) and simulated yield (dashed 





831 Figure 3. Box plot for relative drought impact (RDI, %) for simulated yield of three 
832 standard-check upland rice cultivars (Douradão - green, BRS Primavera - red and 
833 BRSMG Curinga - orange) for the upland rice target region. For the boxplot, boxes extend 
834 to the 25th and 75th sample percentiles of relative drought impact, the thick horizontal 
835 line is drawn at the median, whiskers extend to 1.5 times the interquartile range. Black 
836 points in the boxes represent the average value of RDI. Numbers in black are the average 
837 drought impact (DI, kg ha-1) and between parentheses are the averages RDI (%) and the 








845 Figure 4. Probability of exceedance for simulated yield for cultivars Douradão (green 
846 line, breeding phase 1980s, left panel), BRSMG Curinga (orange line, breeding phase 
847 2000s, middle panel) and BRS Primavera (red line, breeding phase 90s, left panel) in the 
848 for water-limited (dotted line) and well-watered (solid line) yield in the upland rice target 
849 region (Tocantins, Rondônia, Mato Grosso e Goiás States) in Brazil. The vertical black 
850 dotdash line represents the observed yield average for all upland rice multi-environment 
851 trials from 1984 to 2010 in the UR target region (3,200 kg ha-1, Colombari Filho et al., 






857 Figure 5. (A) Relative drought impact (RDI, %) for upland rice target region (Goiás, 
858 Mato Grosso, Rondônia and Tocantins States) for cultivars Douradão (Breeding Phase 
859 80s, top left panel), BRS Primavera (Breeding Phase 90s, top middle painel) and BRSMG 










869 Figure 6. Average yield by year for simulated well-watered (no water stress (Yns), full 
870 red circle), rainfed (water limitation (Ywl), full blue triangle) and observed farm yield (full 
871 black square) for each breeding phases (80s, 90s and 00s) and states (Goiás, top panel 
872 left; Mato Grosso, top right panel; Rondônia, bottom left panel; Tocantins, bottom right 
873 panel). Observed farmers yield represent upland rice observed yield averaged by year. 
874 Vertical black solid line divide the three phases of the upland rice breeding program (80´s; 





879 Figure 7. Drought impact (DI) by breeding phases (80s - 1984 to 1992, 90s - 1992 to 
880 2002 and 00s - 2002 to 2013) on the simulated rainfed yield (Ywl). Black line is the linear 
881 regression and gray band is the confidence interval at 95%. The breeding phases are 
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Source: adaptated from IBGE/LSPA - Levantamento Sistemático da Produção Agrícola and 
compiled by SILVA, O. F. da, from Embrapa Arroz e Feijão (2016).
Table S2. Chemical soil analyses for model parametrization experiments done at Santo 
Antônio de Goiás, GO, (latitude: -16.47; longitude: -49.28) during the rainy seasons of 
2008/2009, 2009/2010; 2010/2011, 2012/2013 and Porangatu (latitude: -13.46; longitude: -
49.13) during the rainy season of 2009/2010.
pH Ca Mg Al H + Al P K Cu Zn Fe Mn *O.M.
water cmolc/dm³ mg/dm³ g/dm³
Santo Antônio de Goiás
5.7 2.25 0.94 0.1 4.47 11.2 112 2.1 2.9 46 29 23 
5.4 1.62 0.50 0.1 4.85 10.5 126 2.9 1.5 64 34 20 
6.0 2.36 1.04 0.0 4.63 10.4 117 2.1 2.7 46 28 23 
Porangatu
6.4 1.80 0.75 0.1 2.5 11.2 164 2.6 7 83 19 6.4
*Organic matter
Table S3. Weather station identification, latitude, longitude, number of years with daily weather 
data available and soil type for each weather region defined in Fig. 1.
Weather
Station ID





1 -16.30 -48.91 GO 33 U;O
2 -15.90 -52.23 GO 33 U;O;E
3 -14.90 -51.00 GO 33 U;O
4 -16.42 -49.38 GO 33 U
5 -16.97 -51.82 GO 33 U;O
6 -17.71 -48.61 GO 33 O;E
7 -18.05 -47.38 GO 33 O;E
8 -15.43 -50.37 GO 33 U;O
9 -15.53 -47.33 GO 33 O;E
10 -16.59 -49.27 GO 33 O
11 -15.94 -50.14 GO 33 U;E
12 -17.72 -48.17 GO 33 O
13 -18.41 -49.3 GO 33 A;O
14 -17.88 -51.72 GO 33 O;E
15 -16.26 -47.97 GO 33 U;O
16 -13.25 -46.89 GO 33 O;E;P
17 -17.70 -49.11 GO 33 O
18 -17.51 -50.49 GO 33 U;O
19 -15.85 -48.97 GO 33 U;O
20 -13.43 -49.13 GO 33 U;O;E
21 -14.10 -46.37 GO 33 O;E
22 -18.60 -50.4 GO 33 O
23 -17.80 -50.92 GO 33 O
24 -16.47 -49.28 GO 33 O
25 -17.09 -49.67 GO 33 U
26 -10.07 -56.75 MT 33 U;O;E
27 -10.15 -59.45 MT 33 U;O;E
28 -15.31 -55.08 MT 33 U;O;E
29 -13.47 -52.27 MT 33 U;O
30 -13.42 -59.45 MT 33 O
31 -14.40 -56.45 MT 33 U;O;E;P
32 -12.29 -55.29 MT 33 O
33 -11.38 -58.78 MT 33 O
34 -10.25 -54.92 MT 33 U;O;P
35 -14.70 -52.35 MT 33 U;O;E;P
36 -14.42 -54.04 MT 33 U;O;E;P
37 -11.54 -57.42 MT 33 O;E
38 -16.45 -54.57 MT 33 U;O;E
39 -15.78 -56.07 MT 33 U;O;E;P
40 -13.43 -56.72 MT 33 O
41 -15.06 -59.87 MT 33 U;O;E;P
42 -9.93 -62.96 RO 33 U;O;E
43 -11.48 -61.38 RO 33 U;O;E
44 -10.79 -65.28 RO 33 U;O;E
45 -10.88 -61.97 RO 33 U;O;E
46 -9.40 -62.02 RO 33 U;O;E
47 -8.76 -63.91 RO 33 U;O;P
48 -12.77 -60.09 RO 33 U;O;E
49 -7.20 -48.2 TO 33 U;O;E
50 -8.09 -46.65 TO 33 O;E
51 -11.75 -49.05 TO 33 U;O;P
52 -10.19 -48.3 TO 33 U;O;E
53 -8.96 -48.18 TO 33 U;O;E
54 -12.02 -48.35 TO 33 U;E
55 -10.71 -48.41 TO 33 U;O;E;P
56 -12.40 -46.42 TO 33 O;E
*O – Oxisols; U – Ultisols; E – Entisols; P - Plinthosols
Table S4. Soil-water properties (a and b) and its distribution among states (c) for the study region.
Soil Unit
a) General description Oxisol Ultisol Entisol Plinthosol
Depth of layers 0.14 0.12 0.16 0.17 m
Clay 37.9 16.0 7.3 15.7 %
Silt 12.5 14.6 7.1 23.3 %
Sand 49.6 69.4 85.6 61.0 %
pH in H2O 4.73 5.08 4.65 6.01 -
Organic Matter contente 3.38 3.06 2.33 4.76 %
b) Soil-water properties
Global density 1.24 1.38 1.52 1.27 g cm-3
Saturated water content 0.532 0.479 0.426 0.392 cm3 cm-3
Field capacity water content 0.358 0.344 0.252 0.275 cm3 cm-3
Wilting point water content 0.201 0.21 0.166 0.172 cm3 cm-3
Total availability water content 0.157 0.134 0.086 0.103 cm3 cm-3
Sat. hydraulic conductivity 92.4 200.7 209.3 182.3 cm d-1
c) Soil profiles by states
Goiás (GO) 63.21 19.10 3.27 3.99 %
Mato Grosso (MT) 54.41 12.45 14.01 14.08 %
Rondônia (RO) 36.36 30.15 21.37 8.37 %
Tocantins (TO) 26.27 7.94 22.67 34.61 %
Table S5. Cultivar-specific parameters (parametrized traits) from three standard-check upland 
rice cultivars, BRS Primavera, BRSMG Curinga and Douradão.
Trait Cultivars
Douradão BRS Primavera5 BRSMG Curinga
RGRL 1 0.00728 0.00805 0.00809
DVRJ 2 0.00101 0.00103 0.00069
DVRP 3 0.00073 0.00085 0.00087
DVRR 4 0.00258 0.00223 0.00247
1Maximum relative growth rate of leaf area index (LAI) after exponential growing phase (LAI = < 1) °Cd-1; 
2Development rate in juvenile phase °Cd-1; 3Development rate in the reproduction phase °Cd-1; 4Development rate 
from grain-filling to physiological maturity phase °Cd-1 and 5Parameters from Heinemann et al. (2015).
Table S6. Cultivar-specific parameter FSH (fraction of total dry matter partitioned to the shoot) 




DVS3 Douradão BRS Primavera2 BRSMG Curinga
0.00 0.649 0.618 0.658
0.43 0.375 0.603 0.381
1.00 1.00 1.00 1.00
2.50 1.00 1.00 1.00
1 Fraction of total dry matter allocated to shoots; 2Parameters from Heinemann et al. (2015); 3 Crop development 
stage
Figure S1. Simulated vs. measured values for model parametrization (A, B and C) and for model 
evaluation (D, E and F) at (A, D) flowering, (B, E) physiological maturity and (C, F) grain-yield 
(kg/ha). DAE - days after emergence (DAE). Experimental trials were conducted at Santo 
Antônio de Goiás, GO and Porangatu, GO. Colors dots orange, green and red correspond to 
cultivars BRSMG Curinga, Douradão and BRS Primavera, respectively. Solid line, dashed line 
and gray bands are linear regression, 1:1 line and the 95% confidence interval, respectively. 
RMSE – root mean squared error; Bias – mean of the differences between observed and simulated 
values; r – Pearson's coefficient {-1; 1} and; p – probability value for t-test (0.05) of regression 
coefficient between simulated and observed values.
